Edited by Ulf-Ingo Fl€ ugge Starch in guard cells functions in osmoregulation during stomatal movements. Starch metabolism is controlled by the circadian clock. We investigated the role of starch metabolism in stomatal responses to CO 2 under different photoperiodic conditions. Guard cell starch levels correlate with low/high [CO 2 ] exposure. Starch biosynthesis-deficient AGPase (ADG1) mutants but, unexpectedly, not the starch degradation-deficient BAM1, BAM3, and SEX1 mutants alone, are rate-limiting for stomatal conductance responses to [CO 2 ]-shifts. Interestingly, AGPase is rate-limiting solely under short-but not longday conditions. These findings suggest a model of enhanced AGPase activity in guard cells under short days such that starch biosynthesis becomes ratelimiting for CO 2 -induced stomatal closing.
Starch is an end product of CO 2 assimilation and accumulates in both mesophyll and guard cells. In the mesophyll, the primary photosynthetic tissue, starch accumulates as a temporary store during the day and then remobilizes during the night [1, 2] . Starch metabolism provides carbohydrates and supports leaf metabolism, and enables the continued synthesis and export of sucrose [3] . On the other hand, guard cell starch content is linked to stomatal aperture [4] and studies have shown starch metabolism in guard cells to be involved in stomatal conductance regulation [5] .
During the day, CO 2 assimilates are partitioned to both starch synthesis in the chloroplast and sucrose synthesis in the cytosol. Arabidopsis typically partitions 30-50% of its photoassimilates into insoluble starch granules [2, 6, 7] . Briefly, fructose 6-phosphate is converted to glucose 1-phosphate (Glc1P) by the serial action of phosphoglucoisomerase (PGI) and
Abbreviations AGPase, ADP-glucose pyrophosphorylase (also referred as ADGase); BAM, b-amylase; GWD also termed SEX1, Plastidial glucan water dikinase; LD, long day 16 h light/8 h dark; MD, medium length day 12 h light/12 h dark; SD, short day 8 h light/16 h dark.
phosphoglucomutase (PGM1), which is then converted to ADP-glucose by the enzyme ADP-glucose pyrophosphorylase (AGPase, also referred as ADGase), consuming ATP and releasing inorganic pyrophosphate (PPi). This last step produces the glucosyl donor for starch synthesis and is considered to be a rate-limiting and committed step for starch biosynthesis. Arabidopsis mutants in which PGI, PGM, or AGPase activities are reduced or abolished, show reduced leaf starch levels [8] [9] [10] .
On the other hand, during the night, starch is degraded in mesophyll chloroplasts to produce maltose and glucose, which are then exported to the cytosol for further metabolism [7, 11] . The initial step in starch degradation is the phosphorylation of the amylopectin chains by phosphoglucan, water dikinases (PWD), and the plastidial glucan water dikinase (GWD). The GWD enzyme, also named SEX1 (starch excess1) is required for normal b-amylase-mediated leaf starch mobilization [12, 13] . Plants lacking key starch degradation enzymes, as SEX1 and some isoforms of the bamylase enzymes (BAMs), develop starch-excess phenotypes [12, 14, 15] .
Starch metabolism is regulated differently in mesophyll and guard cells [4] . It has been shown that guard cells maintain high starch concentrations during the night [16] and rapidly degrade starch upon illumination [3, 17] . Ogawa [18] showed similar stomatal conductance responses to blue light when comparing the starch-containing guard cells of Vicia faba and the starch-deficient guard cells of Alium cepa. Allium cepa was shown to compensate for the lack of starch in guard cells by taking up chloride ions as counter ion to potassium ions rather than relying on malate ions that are produced via starch degradation in most guard cells [19, 20] . Studies have demonstrated that blue light signaling triggers starch degradation in guard cells [17, 18, 21] , and this degradation contributes to blue light-induced stomatal conductance regulation [17] .
The expression pattern of key starch metabolic enzymes differs in mesophyll and in guard cells. The expression level of the starch biosynthesis enzyme AGPase expression shows~4.5 times higher transcript levels in guard cells than mesophyll cells [22] Tissuespecific specialization of isozymes in various gene families has been found. For example, BAM3 is preferentially expressed in the mesophyll, whereas the ADPglucose pyrophosphorylase large subunits, APL3 and APL4 are preferentially expressed in guard cells [22] [23] [24] . Furthermore, b-amylase isozymes have been shown to specialize in a tissue-specific manner: BAM3 is the main b-amylase of Arabidopsis leaves, and bam3 mutants display robust starch overaccumulation in leaves [25] . In contrast, BAM1 is involved in guard cell starch catabolism, and bam1 mutants show starch excess in guard cells [17, 26] . Together, these observations suggest tissue-specific regulation of starch metabolism.
The CO 2 concentration in the intercellular spaces in leaves (C i ) rapidly rises in response to darkness due to respiration and C i rapidly falls in response to light due to photosynthesis [27] . C i elevations cause closing of stomatal pores and C i reduction causes opening of stomatal pores [28] . Furthermore, the continuing rise in the atmospheric CO 2 concentration causes a rise in C i and thus a reduction in stomatal pore apertures on a global scale [29, 30] . Guard cell starch metabolism is involved in stomatal conductance regulation. Starch breakdown was previously shown during stomatal opening, in response to blue light [16, 17, 21, 31, 32] or low CO 2 [3, 33] . Starch synthesis occurs during stomatal closure in response to drought and abscisic acid [34] . Briefly, during stomatal opening starch is suggested to be degraded to sugars [35] [36] [37] and malate [38] [39] [40] , which are osmotically active solutes that contribute to stomatal opening. However, time-resolved CO 2 -regulated stomatal conductance changes have not yet been investigated in starch degradation mutants. During stomatal closure, guard cells can dispose of malate and sugars by metabolism, starch biosynthesis and malate efflux [4, 41, 42] . Sugars and malate are also imported from the mesophyll and play a role in stomatal conductance regulation [43] [44] [45] .
ADP-glucose pyrophosphorylase (AGPase) is a key enzyme in starch biosynthesis, controlling starch levels [1, 46] . A role for AGPase in high CO 2 -induced stomatal closure has been characterized [47] . Starch-deficient Arabidopsis mutants in the AGPase small subunit (adg1-1 and aps1) contain less than 3% wild-type starch levels in all plant tissues [9, 48, 49] . In contrast, the plastidial phosphoglucose isomerase (pPGI) mutant (pgi1-1) retains starch accumulation in guard cells but is extremely starch-deficient in mesophyll cells [10, 50, 51] . Analyses of these mutants revealed that under a 12 h light/12 h dark growth cycle, stomatal conductance responses to high CO 2 are impaired in AGPase mutant plants [47] . However, stomata of pPGI mutant plants, that greatly reduce starch levels in mesophyll cells, but not in guard cells, responded to CO 2 changes like wild-type plants [47] . These findings suggest that starch biosynthesis in guard cells but not in mesophyll tissues is involved in CO 2 -induced stomatal closing. However, it remained unknown whether starch levels directly modulate stomatal conductance responses to CO 2 shifts, or whether resulting changes in metabolites caused this CO 2 response phenotype.
Furthermore, the effects of starch degradation mutants on CO 2 -regulated stomatal movements have not yet been analyzed.
Starch metabolism is controlled by the circadian clock [52] [53] [54] [55] . During day, plants regulate partitioning of their total photoassimilates into either sucrose or starch. To meet the carbon demands of the plant during the night, photoperiodic day length affects net daily photosynthesis and starch metabolism [56, 57] . Interestingly, the circadian clock was also found to be involved in stomatal conductance regulation [55, [58] [59] [60] ; however, whether photoperiod affects stomatal conductance responses to CO 2 via starch metabolism, remains unknown.
In the present study, we investigated CO 2 regulation of stomatal conductance in starch biosynthesis and degradation mutants, and have conducted analyses under three photoperiodic conditions. Unexpectedly, analyses of key starch degradation mutants, which possess a starch-excess phenotype in mesophyll and in guard cells (bam1bam3, sex1-1) or solely in guard cells (bam1), showed intact wild-type-like stomatal responses to CO 2 shifts under all three photoperiodic growth conditions. On the other hand, AGPase mutants showed an impaired high CO 2 -induced stomatal closing response compared to wild-type plants under short-day (SD: 8 h light/16 h dark), but interestingly not under long-day (LD: 16 h light/8 h dark) photoperiodic growth conditions. Our findings demonstrate that starch biosynthesis mediated by AGPase, but not starch degradation mediated solely by BAM1, BAM3, or SEX1 are rate-limiting for stomatal conductance responses to [CO 2 ] shifts. Furthermore, our study reveals that photoperiod length dramatically affects stomatal conductance responses to high CO 2.
Materials and methods

Plant material
Experiments in this study used the Arabidopsis thaliana accession Columbia (Col-0) as wild-type, unless stated otherwise. The following mutants were investigated: two mutant alleles of the ADP-glucose pyrophosphorylase small subunit (ADG1 AT5G48300): the EMS mutation adg1-1 [9] and the exon T-DNA insertion aps1 (SALK_040155) [48] , the chloroplast beta-amylase bam1 mutant (SALK_039895), the bam1 bam3 double mutant (CS92461 9 CS210) [61] , and the starch-excess1 (sex1) mutant (EMS mutation in AT1G10760) [12] .
The T-DNA insertion line aps1 (SALK_040155) was obtained from the ABRC and genotyped [47] . The bam1 (SALK_039895) and bam1 bam3 were kindly provided by Samuel C. Zeeman, and were genotyped using the protocol described by Fulton et al. [61] . The sex1 (EMS mutation) was genotyped by PCR amplification of the DNA fragment containing the gene, using wild-type (Col-0) and the corresponding Arabidopsis mutant (sex1-1) genomic DNA as templates [12] . PCR was conducted using the following primers:
The PCR product was purified and sequenced using SEX1_- 
Accession numbers
The Arabidopsis loci investigated in this study have the following accession numbers: At5g48300 (ADG1), AT1G10760 (SEX1), AT3G23920 (BAM1), AT4G17090 (BAM3).
Starch stain analyses
Qualitative starch staining was performed as previously described in Azoulay-Shemer et al. [47] 
Gas exchange measurements
Gas exchange measurements were conducted on the 5th or 6th fully expanded true leaf, from intact mature rosettes of nonsenescent 5-to 7-week-old WT and mutant/transgenic plants. All measurements were carried out in the initial 1-4 h after the beginning of day (light on), using Li-6400, Li-6400XT, and Li6800 infrared (IR-GA) gas exchange analyzer systems with a fluorometer chambers (LI-COR Inc., Lincoln, NE, USA). Gas exchange analyzers were calibrated on each experimental day. ) was calculated using the Li-Cor analyzer, based on the model of Von Caemmerer and Farquhar [63] (see www.licor.com/env). As reported previously, absolute values of steady-state stomatal conductance values differed at different times of year [47] and therefore each experimental dataset was obtained with parallel-grown plants of the indicated genotypes. In addition, independent datasets were obtained showing the robustness of findings independent of the absolute stomatal conductance.
During the transition from 360 to 800 p.p.m. and from 800 to 100 p.p.m. [CO 2 ], net CO 2 assimilation rates, cannot be accurately calculated by the gas exchange analyzer, resulting in several minutes of noisy data. To ease data presentation and view the range of subsequent changes, 3 min of the data points after each [CO 2 ] shift were removed in the following panels: net CO 2 assimilation, iWUE, and Ci.
Results
In a previous study, we found that mutant alleles in the AGPase starch biosynthesis enzyme, grown under MD (12 h light/12 h dark) photoperiod growth conditions, resulted in a reduced CO 2 -induced stomatal closure response [47] . These results raise two critical questions: (a) Do starch degradation mutants (in addition to starch synthesis mutants) affect high CO 2 -induced stomatal closing or low CO 2 -induced stomatal opening responses? and (b) Do photoperiod growth conditions, affect stomatal conductance responses to CO 2 ? To determine whether shifts in [CO 2 ] affect guard cell starch levels, intact WT Arabidopsis plants, grown under SD conditions were exposed for 45 min to high or low CO 2 , and their guard cell starch levels were quantified by starch pseudo-schiff stain confocal imaging [17] . The results clearly show significantly higher starch quantities in guard cells of plants exposed to 800 p.p.m. CO 2 when compared to those exposed to 100 p.p.m. CO 2 ( Fig. 1 ). These data show that low CO 2 , that mediates stomatal opening, is indeed accompanied by a reduction in starch levels in guard cells in Arabidopsis, consistent with previous studies in several plant species [3, 33] .
To determine whether well-known starch degradation mutants affect CO 2 -induced stomatal movements, we investigated the b-amylase mutants, BAM1 and BAM3, as these two genes are the most highly expressed plastid b-amylase genes in Arabidopsis leaves and have been shown to possess different cell-type-specific functions [17] . BAM1 is highly expressed in guard cells in young nonflowering plants [64] . Also, BAM1 RNAi and bam1 mutant plants exhibit a guard cellspecific starch-excess phenotype [17] , with no significant influence on mesophyll starch levels in nonflowering plants under standard, nonstressed, conditions [25] . In contrast, BAM3 is highly expressed in the mesophyll [64] , and was reported as the main isoform in leaf mesophyll starch metabolism [25] . BAM3 transcript level is less abundant in guard cells [17] . Silencing of BAM3 [26] and bam3 mutant plants (EMS: CS92461) [61] have been shown to overaccumulate starch in the mesophyll, while bam3 guard cell starch levels are similar to wild-type (WT) [17] . Furthermore, bam1 but not bam3 mutants showed an impaired lightinduced stomatal opening when compared to WT plants, which correlates with their cell type preferential expression patterns [17] . Together these data led us to investigate the role of the guard cell starch degrading enzymes BAM1 and BAM3 in stomatal conductance regulation in response to elevated CO 2 and reduced CO 2 .
Starch mobilization was previously suggested to be under the control of the circadian clock [65] . Detailed analysis by Lu et al. [66] revealed a tight regulation of BAM3 expression by the circadian clock. To determine to which degree starch degradation in mesophyll and guard cells is involved in CO 2 -induce stomatal movements, and whether photoperiods affect stomatal responses via the regulation of starch degradation, we performed gas exchange analyses on wild-type (Col-0), bam1 (SALK_039895), and bam1 bam3 (SALK_ 039895 9 CS92461) double mutant plants, grown under long-day 16 h light/8 h dark (LD), medium-day length (12 h/12 h, MD), and short-day (8 h light/16 h dark, SD) photoperiodic conditions.
BAM mutant plants showed retarded growth under SD conditions (Fig. 2C) , which was less severe as day length increased (Fig. 2A,B) . To verify the previously determined starch accumulation phenotypes in leaves of bam1 and bam1 bam3 double mutant plants [17, 67] , when grown under the imposed photoperiodic conditions (LD, MD, and SD), the 5th true leaves from Col-0 (WT), bam1 and bam1 bam3 were sampled at the end of the night (Fig. 3A,C) , or 1 h after light was turned on (Fig. 3B ) and stained with iodine as a measure of their starch content. The results under the imposed growth regimes confirmed a drastic overaccumulation of starch in rosette leaves of the bam1 bam3 double mutant when compared to bam1 and wild-type plants (Fig. 3A-C) .
We next investigated stomatal conductance responses of both bam1 and bam1 bam3 mutant plants to CO 2 (Fig. 8) . Unexpectedly under all growth conditions, no dramatic differences were observed between bam mutants and WT stomatal conductance responses to CO 2 shifts (Fig. 4-8) . In one experimental dataset, when shifting the CO 2 concentration from 400 to 100 p.p.m., we observed a slight nonsignificant enhanced stomatal opening response of bam1 and bam1 bam3 mutant compare to WT plant, when plants were grown under MD conditions (Figs S1 and S2 panels A and B, P = 0.4, unpaired Student's t test at the end of 100 p.p.m. [CO 2 ] step), which was not observed under LD growth conditions (Fig. S2 panels C and D) . Net CO 2 assimilation rates were found to be similar to parallel-grown WT controls in bam1 under all growth conditions (Figs 4C, 6C and 8C). However, bam1 bam3 double mutant leaves showed reduced net CO 2 assimilation rates under high CO 2 levels, when plants grew under MD (Fig. 7C ), but not under LD conditions (Fig. 5C) . The derived intercellular CO 2 
Next, we analyzed the starch excess1 (sex1) mutant that is defective in the R1 regulator of starch degradation [12] (Figs 9-11, Fig. S3 ). As reported previously, the sex1 mutant exhibits a dramatic overaccumulation of starch in Arabidopsis leaves (Fig. 10A and [12] ). Data from plants grown under LD and MD conditions show that CO 2 -regulated stomatal conductance responses in the sex1-1 mutant were not dramatically different from wild-type leaves ( Figs 9A,B and 10B,C) . Notably, similar to the slight but statistically nonsignificant enhancement in average stomatal opening response observed in the starch degradation mutants bam1 and bam1 bam3 (Figs S1 and S2 panels A and B; MD growth conditions), when shifting the CO 2 concentration from 400 to 100 p.p.m., sex1 mutant leaves showed a small but insignificant enhanced stomatal opening response, when plants were grown under LD conditions (Fig. S3, P (Fig. 11A) . However, normalization of the data showed similar stomatal conductance responses in sex1-1 and WT leaves (Fig. 11B) . CO 2 assimilation rates were slightly reduced at high (800 p.p.m.) CO 2 levels (Fig. 11C) . In sum unexpectedly, these analyses of the starch degradation mutants, bam1 bam3 and sex1 that overaccumulate starch in mesophyll and guard cells, as well as bam1, which accumulates starch solely in guard cells, revealed that there were no dramatic differences in rapid stomatal conductance responses to CO 2 changes under the imposed conditions and that stomata in intact leaves attached to intact soil-grown plants showed robust stomatal opening (Figs 4-11 ) despite a clearly reduced starch degradation in guard cells of these mutants.
In a previous study, we found that mutant alleles in the starch biosynthesis AGPase enzyme showed a reduced stomatal closing response to CO 2 elevation [47] . However, it remained unknown whether this AGPase mutant phenotype is linked directly to starch levels or to an intermediate metabolite that is affected in AGPase mutant alleles [47] . Given that previous experiments with the AGPase alleles were conducted under MD 12 h light/12 h dark photoperiodic conditions, and following the hypothesis that stomatal conductance may be dependent on day length via starch biosynthesis, we explored the CO 2 response of AGPase mutant alleles under additional light growth regimes. We investigated the CO 2 responses of adg1-1 mutant alleles [9, 48] grown under a long-day photoperiod with 16 h light and 8 h dark (LD). Interestingly, we observed that the CO 2 -triggered reduction in stomatal conductance was similar in adg1-1 and wild-type (Col-0) plants under LD conditions (Fig. 12A,B) . As this differed from the CO 2 response in AGPase alleles under MD conditions [47] , we tested AGPase mutant plants under shorter photoperiodic conditions. When plants were grown under SD (8 h light/16 h dark), we observed impairment in high CO 2 -triggered reduction in stomatal conductance (Fig. 12C,D) . CO 2 regulation of stomatal closing was clearly impaired in adg1-1 mutants under SD (Fig. 12C,D) and MD conditions [47] compared to WT plants, but not under LD conditions (Fig. 12A,B) .
To further test the impaired stomatal conductance responses to CO 2 , observed under SD photoperiodic conditions (Fig. 12C,D) , we investigated an independent AGPase mutant allele, aps1 [9, 48, 49] . Consistent with the adg1-1 allele, aps1 leaves showed intact CO 2 -induced stomatal closure when plants were grown under LD photoperiod (Fig. 13A,B) , and a reduced stomatal response to high CO 2 under SD (Fig. 13C,D) growth conditions. Furthermore, under both photoperiod conditions (LD, SD), AGPase mutant plants showed intact low CO 2 -induced stomatal opening (Figs 12 and 13 panels A and B & Fig. S8 ) and reduced photosynthetic rates at high (800 p.p.m.) CO 2 levels ( Figs S4 panel A to S7 panel A) .
A closer examination of Figs 12 and 13 and direct comparison of the stomatal conductance CO 2 response data of the two AGPase mutant alleles (adg1-1, aps1) showed no clear differences between LD-and SDgrown mutant plants ( Fig. 14A,B ; Gas exchange data of adg1-1 and aps1 plants were extracted from experiments in Figs 12 and 13, respectively). We therefore compared stomatal conductance responses of WT (Fig. 15A,B We next investigated whether AGPase mutant plants show the well-known guard cell starch deficiency phenotype [47] , under MD and LD photoperiodic growth conditions. Under both light regimes, the adg1-1 mutant showed severe starch deficiency, in guard cells (Fig. S9, n = 8 condition), consistent with previous studies showing a strong starch deficiency phenotype in aps1 for LD [68, 69] , in aps1 and adg1-1 for LD [49] and in adg1-1 and aps1 for MD (12 h/12 h) photoperiods [9, 47, 50] .
Discussion
Mutants in starch degradation enzymes BAM1, BAM3, and SEX1 did not dramatically impair CO 2 
-regulated stomatal movements
The model, in which starch metabolism regulates stomatal opening and closure, suggests that signals that induce stomatal opening will stimulate starch degradation. Based on this model, reduced starch degradation in guard cells would be expected to result in an impaired stomatal opening. SEX1 and BAM3 are key enzymes that mediate nighttime starch degradation [12, 26] , while BAM1 functions in guard cell starch degradation in response to light [17] . In the present study, analysis of sex1, bam1, and bam1 bam3 double mutant plants showed largely intact stomatal conductance responses to CO 2 shifts (Figs 4-11) . The present study suggests that the key starch degradation enzymes, BAM1, BAM3, and SEX1, are not rate-limiting for CO 2 -regulated stomatal movements. BAM1 is the major plastidic b-amylase in guard cells, and its role in guard cell starch degradation and stomatal movements in response to blue light and drought was previously demonstrated [17, 70] . Distinct mechanisms mediating starch degradation in different tissues have been discussed [71] , and other debranching enzymes may be involved in CO 2 -induced starch degradation. BAM1, AMY3, LDA, and ISA3 could function together in guard cell starch mobilization during stomatal opening [17] , and redundancy in their starch degradation activity may need further investigation by generation and analyses of higher order mutants. from the mesophyll to the guard cells and were previously suggested to be involved in stomatal conductance regulation [43, 72] .
Poffenroth et al. [32] showed that only blue light, but not red light, induces guard cell starch degradation and sugar accumulation during stomatal opening, in Vicia faba. Similarly, only nonphotosynthetic blue light has been reported to induce increases in K + content and guard cell starch degradation during stomatal opening, while exposure to red light or photosynthetic (high intensity) blue light did not alter K + and starch content in guard cells [21] . These findings are consistent with the model that guard cells can produce other osmolytes including sugars during stomatal opening. Note that chloride ions may also replace malate under conditions that preclude malate synthesis [19, 20] .
The present study provides evidence that during low CO 2 -induced stomatal opening, the key starch-degrading enzymes, BAM1, BAM3, and SEX1, do not play a pivotal role in providing osmolytes for stomatal opening. Future metabolic investigation of starch metabolic mutants is needed to determine whether starch independent osmolytes including chloride, nitrate, and sucrose uptake play predominant roles in this response.
Stomatal conductance responses to CO 2 shifts are not directly dependent on starch level Outlaw and Manchester [3] demonstrated the negative correlation of starch levels and stomatal aperture. Since then, many studies have shown the relevance of starch metabolism to stomatal aperture regulation [3, 16, 17, 21, 32, 33, 47, 64, 70] . Here we unexpectedly find that kinetic stomatal conductance responses to [CO 2 ], in starch-excess and starchless mutants do not strictly correlate with steady-state starch levels in leaves or in guard cells. We observed wild-type CO 2 -induced stomatal conductance responses in the starch overaccumulation mutants bam1 bam3 (Figs 5A and 7A) and sex1-1 (Fig. 9B) . Furthermore, the guard cell starchexcess mutant bam1 showed full stomatal closure and largely intact stomatal opening responses to CO 2 shifts comparable to wild-type leaves, under all three photoperiod growth conditions (Figs 4A, 6A and 8A, . However, adg1-1 guard cell starch levels were dramatically reduced under both growth conditions (Fig. S9) , as was previously documented for adg1-1 and aps1 alleles grown under MD and LD [9, 47, 49, 50] . length on high CO 2 -induced stomatal closure via guard cell starch metabolism. Stomatal movements were recently proposed to depend on interactions between light signals and rhythmic starch turnover [73] . Starch synthesis rates are larger during short-days compared to long-day photoperiods [66, 74] . The key regulatory starch biosynthesis enzyme AGPase was previously shown to be controlled by the circadian clock. The Chlamydomonas AGPase displays circadian oscillations in its protein and activity levels [75] . A circadian oscillation pattern was also detected for the AGPase mRNA in Arabidopsis [65] . Two detailed studies, by Gibon et al. [74] and Mugford et al. [76] , which have analyzed the regulatory properties of AGPase under different photoperiods, revealed an increase in post-translation activation of AGPase when day length was reduced to SD (8 h light/16 dark) growth conditions. Together these studies support a model in which the increased AGPase activity in SD-grown WT plants would enhance CO 2 -induced stomatal closing compared to LD-grown WT plants, consistent with results from the present study (Fig. 15) . These data are consistent with the model that mutant alleles in the AGPase gene would be predicted to show a reduced stomatal response to elevated CO 2 compared to wild-type plants, when plants are grown under SD conditions, as found in the present study. As stomatal closing includes synthesis of the osmotically inactive starch, the enhanced stomatal closing in SD-grown wild-type plants vs. LD-grown wild-type plants was not observed in the two AGPase mutant alleles (Fig. 14) , but was observed in wild-type plants (Fig. 15) . These data point to a model in which starch synthesis in guard cells becomes rate-limiting for high CO 2 -induced stomatal closing in SD-grown plants, due to the increased AGPase activity under these growth conditions. Future research will be required to test this model. At the end of the night (12 h dark and longer nights), sugar depletion inhibits carbohydrate utilization, which leads to a temporary buildup of sugar after the light period starts. High sugar levels are known to enhance the activation of AGPase by a post-translational redox regulation mechanism [77] [78] [79] and by allosteric activation [76] , and by transcriptional regulation [80] . Indeed, the burst increase in sugar at the beginning of the day was found to be higher and more pronounced under short day than long day [57] , resulting in an increase in the post-translational activation of AGPase activity [74] and resulted in partitioning of a larger proportion of the photoassimilate to starch [81, 82] . Together, these observations may explain the rate-limiting role of AGPase in stomatal closure under short-day but not long-day photoperiod. Under short days, AGPase would have a larger role in photoassimilate partitioning into starch biosynthesis, and therefore might also affect the concentration of metabolites that function in CO 2 control of stomatal movements. Future in depth, guard cell metabolite analyses of starch metabolism mutants, grown under LD and SD conditions, could lead to further insights into the underlying mechanisms.
Unexpectedly, the present study shows that mutations in the starch degradation genes BAM1, BAM3, and SEX1 did not significantly affect the kinetics and magnitude of low CO 2 -induced stomatal opening. These findings point to possible models for future analyses that either (a) the key starch degradation enzymes, BAM1, BAM3, and SEX1, are not directly involved in low CO 2 -triggered signal transduction that mediates stomatal opening; (b) a degree of starch degradation occurs via alternate or overlapping genes or pathways that are not completely abolished in guard cells of sex1, bam1, or bam1 bam3 mutants, and are sufficient to provide guard cells with adequate amounts of organic osmolytes including the counter ion malate for intact stomatal opening; or (c) that starch degradation has only a minor, rate-limiting, effect on stomatal opening under the imposed conditions in soil-grown A. thaliana plants. Future research will be required to distinguish these or other models. Furthermore, future metabolic analyses of guard cells in the investigated mutants and under the range of investigated photoperiods could shed light on key metabolites that function in CO 2 regulation of stomatal movements.
Interestingly, net CO 2 assimilation rates were significantly reduced in both alleles of the starch biosynthesis mutant, adg1-1 and aps1 following a shift to high [CO 2 ], when compared to WT levels ( Figs S4-S7 ). Similar significant reductions were observed, in leaves of the starch degradation bam1 bam3 (Fig. 7C) and sex1 mutants (Fig. 11C) . These mutants accumulate starch in mesophyll cells (Figs 3 and 10) (bam3 [25, 61] , sex1 [12] ). This behavior has been associated with a limitation of export of carbon from the Calvin-Benson cycle, the regeneration of Pi for photophosphorylation, and ultimately RuBP regeneration [83, 84] which was further enhanced in starch metabolism mutants under high CO 2 levels [85] [86] [87] [88] . Slightly reduced net CO 2 assimilation rates were observed in WT under LD photoperiodic conditions, following shifts to high CO 2 (Figs 4, 5, 9), while plants grown under MD (12/12 light cycle) or SD showed no significant changes in CO 2 assimilation rates. The reason for this slight reduction in net CO 2 assimilation rates is not entirely clear, but may be due to TPU or RuBP regeneration limited photosynthesis, which have been shown to increase as [CO 2 ] increases [89] .
In summary, starch in guard cells is a well-known source of osmolytes for stomatal opening. Interestingly and unexpectedly, the present study shows that under the imposed growth conditions dramatic alterations in guard cell starch degradation did not directly, in first order, affect the rapid stomatal conductance increases in response to low CO 2 . Starch degradation and synthesis mutants that are known to increase starch levels or greatly decrease starch levels, respectively, did not greatly affect CO 2 -regulated stomatal movements under most conditions. However, we further reveal that photoperiod length affects stomatal conductance responses to CO 2 shifts in two AGPase mutant alleles compared to wild-type plants under short-day but not long-day growth conditions. Direct comparisons of wild-type stomatal CO 2 responses under long-day and short-day conditions point to the model that an enhanced activity of AGPase under short-day conditions renders the AGPase gene rate-limiting for high CO 2 -induced stomatal closing under short-day growth conditions. CA, USA) and some experiments were conducted by TA-S visiting in the laboratory of Prof Menachem Moshelion (The Robert H. Smith Faculty of Agriculture, Israel). We thank reviewers for critical comments and suggestions that have significantly improved the manuscript. We thank Markus Gierth, University of Cologne, Germany, for providing the adg1-1 and sex1-1 mutant seeds, Samuel C. Zeeman, ETH Zurich, Switzerland, for providing the bam1, and the bam1 bam3 double mutant seeds, Oren Ostersetzer-Biran (Hebrew University of Jerusalem, Israel) and Hani Zemach (ARO, Volcani center, Israel) for assistance with Schiff stain analyses, Mark Estelle (UCSD, SanDiego, CA, USA) and Idan Efroni (The Robert H. Smith Faculty of Agriculture, Israel) for access to a Zeiss LSM 710 and Leica TCS SP8 confocal microscopes, Tamir Klein (Weizmann Institute of Science, Israel) for access and assistance with a CO 2 control chamber, and Avihai Danon (Weizmann Institute of Science, Israel), for critical discussions. 
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